To look for a direct role of ultraviolet radiation (UV) exposure in cutaneous melanoma induction, we studied xeroderma pigmentosum (XP) patients who have defective DNA repair resulting in a 1000-fold increase in melanoma risk. These XP melanomas have the same anatomic distribution as melanomas in the general population. We analyzed laser capture microdissection samples of skin melanomas from XP patients studied at the National Institutes of Health. The tumor suppressor gene PTEN was sequenced and analyzed for UVinduced mutations. Samples from 59 melanomas (47 melanomas in situ and 12 invasive melanomas) from 8 XP patients showed mutations in the PTEN tumor suppressor gene in 56% of the melanomas. Further, 91% of the melanomas with mutations had 1 to 4 UV type base substitution mutations (occurring at adjacent pyrimidines) (P < 0.0001 compared to random mutations). We found a high frequency of amino-acid-altering mutations in the melanomas and demonstrated that these mutations impaired PTEN function; UV damage plays a direct role in induction of mutations and in inactivation of the PTEN gene in XP melanomas including in situ, the earliest stage of melanoma. This gene is known to be a key regulator of carcinogenesis and therefore these data provide solid mechanistic support for UV protection for prevention of melanoma.
M
elanoma mortality for Caucasians in the U.S. has increased at an annual rate of 1.5% from 1950 to 2005. For 2008, more than 110,000 new cases of melanoma [about 50,000 melanoma in situ (MIS) and 60,000 invasive melanomas (IM)] are estimated with more than 8,000 deaths (1, 2) . The causative relationship between UV exposure and non-melanoma skin cancer is well documented (3) (4) (5) (6) , and important molecular targets have been identified in basal cell carcinoma (patched protein in the hedgehog pathway) and squamous cell carcinoma (SCC) (p53) in normal and xeroderma pigmentosum (XP) patients (7) (8) (9) . In contrast, the relationship between sunlight exposure and melanoma is less well understood but still apparent (10, 11) . The role of UV exposure in melanoma pathogenesis is complex and has some paradoxical features (5, 10, 12) . In the U.S. Caucasian population and in XP patients, the site distribution of melanomas is similar. However, this anatomic distribution is different from that of basal cell carcinoma and squamous cell carcinoma and does not correspond to the most sun exposed areas of the body (face, head, and neck) (5, 13) . Similarly, melanoma is more closely associated with intermittent intense sun exposure rather than long term, constant exposure as in SCC (5, 6) . On the other hand, melanomas can be induced in some animals by exposure to UV (14) (15) (16) .
Solar UV (including UVB and UVA) induces photoproducts at adjacent pyrimidines, predominately cyclobutane dimers and 6-4 pyrimidine-pyrimidone photoproducts (17) , which, if not repaired, can lead to base substitution mutations at the site of damage (17, 18) . XP patients, who have defective DNA repair, have a 1000-fold increase in melanoma and individual patients often have multiple melanomas (4, 19) . XP thus provides a powerful model for the study of the molecular pathogenesis of melanoma in humans and permits evaluation of a large number of melanomas with the same exposure history and genetic background in a small number of patients. While the mechanism of induction of UV damage in cells from normal individuals and in XP patients is the same, the effects of UV damage are amplified in XP since the damage is not repaired.
The functional loss of tumor suppressor genes is a fundamental cause of cancer progression. The p53 tumor suppressor gene has been shown to have a high frequency of UV type base substitution mutations in human cutaneous SCC and precancerous lesions, a feature of UV-induced carcinogenesis (7) (8) (9) . However, p53 is mutated in only a small proportion of melanomas (20) (21) (22) . The tumor suppressor gene PTEN (phosphatase and tensin homologue) is one of the most frequently mutated genes in human cancer (23) . Other studies have described PTEN loss or mutation in cancer specimens, cancer cell lines, and inherited cancer predisposition syndromes (20, (22) (23) (24) (25) (26) (27) (28) . We hypothesized that analysis of base substitution mutations in this gene in melanomas from XP patients could provide evidence for UV induction of the mutations and thereby demonstrate a role of UV in causation of melanomas.
Results
Melanomas and Mutations. We studied melanomas from XP patients who were examined at the National Institutes of Health Clinical Center from 1971 to 2008. Pigmented lesions in the patients were evaluated clinically (Fig. 1A) . Lesions in patients seen recently were evaluated by dermatoscopy, a technique that increases melanoma detection by use of detailed examination of magnified pigmented lesions (29) (Fig. 1B) . Melanoma samples were processed, diagnosed, and archived by the National Cancer Institute Laboratory of Pathology. After pathological diagnosis, additional histological sections were prepared for use in laser capture microdissection ( Fig.  1 C-F) . Melan-A immunohistochemistry (30) was used to localize the tumor cells (Fig. 1D) .
We studied 59 melanomas from 8 XP patients (5 females and 3 males) ranging in age from 28 to 63 years (Table 1 ). There were 47 MIS, the earliest lesion that can be histologically identified as melanoma, and 12 invasive melanomas (IM). Table 2 summarizes the pathological and mutational features of all melanoma samples. None were metastatic. The anatomic distribution of XP melanomas in our series was similar to the distribution in the U.S. general population, in agreement with a previous report (13) . Of the 59 melanomas 54% were on the lower extremity, 19% on the face or scalp, 14% on the upper extremities and 14% on the shoulder or back. There were no melanomas on the palms or soles (Table S1 ). Fifty-six percent (33) of the melanomas had PTEN mutations and 91% (30) of the melanomas with mutations had UV type mutations occurring at dipyrimidine sites (Tables 1 and 2 ). PTEN mutations were found in 57% (27) of the MIS.
High Frequency of UV-Type Mutations. We found 54 PTEN base substitution mutations in the 33 melanomas (Tables 1 and 2 ). Forty-two percent (14) of the melanomas with PTEN mutations showed more than one mutation, a feature of UV mutagenesis in tumors (7, 9) and in UV-treated plasmids (18) . Eight melanomas had 2 mutations, 5 melanomas showed 3 mutations, and 1 carried 4 mutations (Table S2 ). Among these 54 mutations 89% were UV type mutations occurring at adjacent pyrimidines. This frequency of mutations at dipyrimidines is significantly greater (P Ͻ 0.0001) than that predicted by random mutagenesis based on the frequency of dipyrimidines in the PTEN region sequenced (Table 3) . Forty-eight of the mutations were UV type occurring at adjacent pyrimidines, and 6 were non-UV type (Tables 2 and 3 ). Loss of heterozygosity (LOH) (32) was found in 48% of the 33 melanomas with PTEN mutations. All of these melanomas had UV type mutations. There was a predominance of transition type base substitution mutations (85%) ( Table 4 ), a feature of UV mutagenesis (17, 33) . The equal frequency of G:C to A:T and A:T to G:C mutations is different (2) 10 (2) 10 (2) 20 (4) 20 (4) Total 59 (12) 33 (6) 30 (6) 54 (11) 48 ( from what was previously reported in studies of non-melanoma skin cancers in XP and non-XP patients (7-9) and in UV-treated plasmids (33) where G:C to A:T mutations predominated. The observed equal frequency of C to T and T to C transitions is suggestive of the mutation spectrum described for the HPRT gene in UV-treated human or mouse cells lacking error prone polymerase eta (31, 34) . Of the 6 non-UV mutations (at alternating pyrimidines and purines) 5 involved A:T base pairs and 4 resulted in A:T to G:C mutations (Table 2) . Oxidative damage has been reported to produce lesions such as cycloadenines which are poorly repaired by XP cells (35) and might result in mutagenic lesions at A:T base pairs. Figure 2 illustrates the distribution of mutations in the cDNA and protein domains of PTEN. In our study, 52 base substitution PTEN mutations were located in 8 of the 9 exons. Overall, 37 (69%) of the base substitution mutations resulted in changes of amino acids; these were found for all classes of mutations (Table 4) . Inactivation of the PTEN tumor suppressor gene would be expected to result from the 2 nonsense mutations (p.Y16X and p.G230X) and the 2 splice mutations ( Table 2) . Thirty-one UV type and 2 non-UV type base substitutions resulted in missense mutations (Tables 2 and 4 (Table 2 ). There were 17 synonymous (silent) base substitution mutations (13 UV type and 4 non-UV type) that would not be expected to alter PTEN function, 8 of these were present in melanomas that also had one or more missense mutations that could affect PTEN function (Table 2) . PTEN functions as a tumor suppressor through its lipid phosphatase function (36) , and it is responsible for phosphatidylinositol triphosphate (PIP3) dephosphorylation and clearance. This process is required to antagonize the PI3K-dependent activation of Akt (37) and is a prognostic marker for melanoma progression (38) . To determine the effect of missense mutations on PTEN function, we investigated the phosphorylation of Akt in cells lacking PTEN. We selected isolated PTEN mutations that occurred in association with LOH (Table 2 and Fig. 2 A and B) . We transfected the cells with expression vectors for 6 UV type missense mutants and a wild type control. Western blot analysis showed that the expression of wildtype PTEN dramatically reduced the level of Serine 473 Akt phosphorylation (Fig. 2C, lanes 2 and 8) . In contrast, expression of the PTEN p.F154L, p.L325F, and p.P95S (Fig. 2C, lanes 3, 4 and  5 ) mutants did not reduce AKT phosphorylation to the same extent indicating that these mutations impaired PTEN function. Two of these mutations (p.P95S and p.F154L) were previously reported to be associated with cancers (24, 39) (Fig. 2B) . In contrast, PTEN mutants p.Q110R, p.D301N, and p.S362L reduced AKT phosphorylation to a similar extent as wild-type PTEN (Fig. 2C, lanes 6, 9 and 10 ) indicating that these mutations did not alter this PTEN function.
Discussion
Because XP patients have defective DNA repair, UV damage more frequently leads to mutations, and therefore it is easier to detect their consequences in a shorter time and with fewer patients than in the general population (4, 17, 19) . In this study, we found UV type mutations in the tumor suppressor gene PTEN, a gene that is a key regulator of carcinogenesis (20, (22) (23) (24) (25) (26) (27) (28) 36) , providing direct molecular evidence of UV involvement in melanoma induction in humans.
Tumor suppressor genes lead to cancer by being inactivated in contrast to oncogenes, where mutations must cause activation to cause cancer. Since a wider range of mutations can inactivate genes, an effect of UV on tumor suppressors can be more easily detected compared to mutations that activate oncogenes. The PTEN tumor suppressor is one of the most frequently mutated genes in human cancer (23) and PTEN mutations have been detected in up to 40% of cutaneous melanoma cell lines (20, 22, 40) . While many prior studies looked for deletions, promoter methylations and immunohistochemical evidence of PTEN inactivation (41-44), we looked for and found base substitution mutations as an indicator of UV damage.
Evidence for UV as Cause of Mutations. If the dipyrimidine (UV type)
base substitution mutations that we observed had occurred randomly, they would be expected to occur at the same frequency (54%) as the dipyrimidine sites present in the PTEN gene. However, we found mutations in XP melanomas to occur at dipyrimidines at a significantly greater frequency (89%, P Ͻ 0.0001) (Table  3) , a feature characteristic of UV mutagenesis. The frequency of UV type mutations (occurring at dipyrimidines) in XP melanomas (89%) was similar to that in non-XP melanomas (87%) (22) (Table  3) indicating that the role of UV in inducing melanomas is similar in both. In contrast, the overall frequency of PTEN base substitution mutations in exons in the non-XP melanomas was 6% (23/ 381-including primary, metastatic, and cultured melanomas) (40, (45) (46) (47) (48) (49) (50) (51) . This is about 10-fold lower than the 56% we found in the primary XP melanomas (Table 1) , probably reflecting the UV hypermutability of XP cells (17) and the 1000-fold increase in melanoma frequency in XP patients (13, 52) . We did not perform DNA sequencing of the PTEN introns in the XP melanomas, and thus it is possible that there were additional mutations in the introns as reported in non-XP melanomas (49) .
The frequency of dipyrimidine mutations in internal tumors in non-UV-exposed sites such as endometrium cancers (48%) and central nervous system cancers (63%) was significantly lower than that in XP or non-XP melanomas and was similar to that predicted by random mutations (54%) ( Table 3) , thus showing a large contrast between internal tumors and melanomas.
Loss of heterozygosity in a cell represents the loss of one allele of a gene. It is a common occurrence in cancer where it indicates selection related to the absence of a functional tumor suppressor gene in the lost region (32) . We found 48% of the melanomas with PTEN mutations had LOH. All of the XP melanomas with LOH had UV type mutations in the remaining allele (88% with missense mutations) indicating a major role of UV in induction of these melanomas.
The occurrence of multiple mutations in a single gene is another *including 33 missense, 2 nonsense and 2 splicing mutations ( from Table 2) feature of UV mutagenesis. Multiple mutations of the p53 tumor suppressor gene were common in human sunlight-related skin tumors in normal (8, 9) and XP patients (7). We found 42% (14) of the 33 XP melanomas with PTEN mutations had as many as 4 different mutations (Table S2 ). In 6 of the XP melanomas, all of the 200-300 cells removed by laser capture microdissection came from a single microscopic nest of tumor cells and had 2, 3, or 4 mutations, thus suggesting that they were derived from a single clone with multiple mutations. However, it is possible that molecular heterogeneity was present within a single microscopic nest of melanoma cells. The number of PTEN base substitution mutations per melanoma is consistent with a Poisson distribution (Fig. 2D) , suggesting that these mutations accumulated randomly at sites of unrepaired UV damage. Seven of the XP melanomas had one or more mutations that altered amino acids in association with one or more silent mutations (Table 2 ). It is likely that the amino acid altering mutations accumulated and provided positive selection which would account for the persistence of the silent mutations. In contrast to these skin melanomas, multiple mutations were very rarely reported in PTEN in internal (UV-protected) tumors (4% of 503 central nervous system and 13% of 512 endometrial cancers) (22) . The tumor suppressor functions of PTEN are thought to be mediated by maintaining downstream Akt in a dephosphorylated state (36) ; however, other functions have been proposed (23, 37, 53) . The 2 nonsense and 2 splice mutations in the PTEN gene in the XP melanomas (Table 2) are very disruptive and would be expected to impair protein function. We found 33 missense mutations and many of these were UV type mutations within exons 5 and 8 that control phosphatase activity and protein turnover, respectively. To determine if the missense mutations altered PTEN function, 6 PTEN missense mutations were analyzed in an in vitro assay for the ability to inhibit the activation of the proto-oncogene Akt, one of the downstream activities of PTEN (36) . In 3 of these, the ability of PTEN mutant protein to inhibit the activation of Akt was impaired, demonstrating functional impairment of PTEN. Two of these mutations have previously been reported in other cancers (24, 39) . The missense mutations may also alter other PTEN functions (23, 37, 53) .
UV Type PTEN Mutations in Melanomas in XP and in the General
Population. We found that different melanomas in the same patient may have different PTEN mutations ( Table 2 ), indicating that each melanoma arose independently. The importance of these mutations in the pathogenesis of the melanomas is indicated by the finding that PTEN mutations were present in 57% of 47 MIS, signifying that PTEN mutation occurs at an early stage in melanoma induction. Furthermore, 52% of the MIS with PTEN mutations also had LOH indicating absence of the normal allele and suggesting a functional role for those mutations. Finding these UV type mutations in early melanomas in association with functional impairment of PTEN substantiates the direct role of UV in the development of melanomas in XP patients. The similarity in anatomic site distribution (13) and predominance of UV type base substitution PTEN mutations (Table 3) in XP melanomas and melanomas in the general population indicates a similar role for UV induction in both, although the overall mutation rate is much greater in the XP patients. Direct molecular evidence of UV type mutations in the PTEN tumor suppressor gene provides a clear mechanistic framework for the role of UV in the induction of melanomas and a sound rationale for UV protective measures for melanoma prevention.
Methods
We studied XP patients from 1971 to 2008 at the NIH Clinical Center under protocols approved by the National Cancer Institute Institutional Review Board. The patients provided informed consent. Laser-capture microdissection was per- formed by use of an Arcturus PixCell II microscope (Arcturus Engineering) to separate melanoma cells from normal cells. About 300 cells were collected on CapSure LCM Caps (Arcturus Engineering) in each case from serial tissue sections. DNA was extracted using PicoPure DNA Extraction Kit as per the manufacturer's protocol (Arcturus Engineering). Genomic DNA from each patient's cultured fibroblasts was analyzed as a control. All 9 exons of the PTEN gene were amplified as described (54) . The PCR products were treated with 0.5 U shrimp alkaline phosphatase (Promega) and 5 U exonuclease I (New England Biolabs) and both strands were sequenced directly using a Prism Model 3700 Capillary Array sequencer and Big Dye Terminator Chemistry (Applied Biosystems).
We compared the mutations of PTEN in the XP melanomas to mutations in non-XP melanomas, cancers of endometrium, and cancers of the central nervous system listed in the Sanger COSMIC database (22) . The Fisher's exact test was applied to compare frequency of the UV type mutations (located at adjacent pyrimidines on either strand) in the cancers to the frequency of adjacent pyrimidines on either strand in the regions of the PTEN gene sequenced.
The effect of mutations identified in the PTEN gene was examined as described (55), except we used the PTEN-null cell line NCI-H1155 (56) and expression vectors for Glu-Glu-tagged PTEN wild-type cDNA and HA-tagged AKT wild-type cDNA in pCMV5. Mutations in PTEN cDNA were introduced with the QuikChange sitedirected mutagenesis kit (Stratagene). We used Ezview TM Red Anti-HA Affinity Gel (Sigma), antiphospho-active-PKB/Akt (Ser-473) antibody (Cell Signaling), anti-PKB/Akt (Cell Signaling) and anti-PTEN antibodies (Cell Signaling) in immunoblotting experiments.
